evidence that frzb-1 can block twinning by Xwnt-8 and Wnt-1 mRNAs in Xenopus and that this antagonism takes place in the extracellular space. In addition, frzb-1 mRNA can block the ventralizing activity of Xwnt-8 DNA constructs expressed at the gastrula stage. In embryo microinjection experiments, frzb-1 mRNA inhibits muscle and trunk formation, mimicking the effects of a dominant-negative Xwnt-8 construct (Hoppler et al., 1996) . In cell biological experiments, epitope-tagged soluble Frzb-1 protein binds to cells expressing a Wnt-1/transmembrane chimera. The results suggest that Frzb-1 functions as a soluble antagonist of Wnt signals.
Results

Expression of frzb-1 in Xenopus and Mammals
Xenopus frzb-1 was isolated during a differential screen for cDNAs enriched in the Spemann organizer carried out as reported earlier and originally named frezzled (Bouwmeester et al., 1996) . The same gene was isolated by other means (Hoang et al., 1996; Wang et al., 1997 [this issue of Cell]) , and the name frzb-1 was adopted here to uniformize the nomenclature. During development, frzb-1 transcripts are detectable in the dorsal lip of the early gastrula, starting at late blastula (not shown). As seen in Figure 1A , by midgastrula, frzb-1 transcripts (in blue) become localized to the anterior involuting endomesoderm of the organizer that will give rise to foregut and prechordal plate; this expression domain extends more anteriorly than that of chordin (shown in brown), which marks the future prechordal plate and notochord. frzb-1 expression in anterior endoderm extends to the prospective liver diverticulum, which is best seen at early neurula (Figure 1B, arrowhead) . At this stage, chordin expression overlaps with that of frzb-1 in the prechordal plate (head mesoderm), but not in the notochord ( Figure 1C ). By early tailbud stage ( Figure 1D ), mesodermal expression in the posterior lateral plate becomes evident; this expression domain may be related to frzb-1 expressing cells that are weakly detected in the ventrolateral blastopore circumference at stage 10 1/2 ( Figure 1G ). frzb-1 expression in the anterior endo- leads to radial expression of frzb-1, whereas UV treatsion in a stage 10 1/2 embryo radially injected with activated Xlim1 ment abolishes its expression. We next tested whether RNA; and (J), frzb-1 expression in a stage 10 1/2 embryo radially injected with goosecoid RNA.
organizer-specific homeobox genes were able to acti- Figures 1G and 1H ). In similar experi-(M-N) Northern blot of adult mouse tissue (M) and human tissue (N) ments, activated Xlim-1 mRNA (Taira et al., 1994) in- showing frzb-1 expression in heart (H), brain (B), spleen (S), skeletal duced ectopic patches of expression ( Figure 1I ), and muscle (M), kidney (K), testis (T), placenta (Pl), and pancreas (Pa). frzb-1 is detected at very low levels in lung (Lu) and liver (Li).
frzb-1 (compare
goosecoid mRNA led to an expansion of the frzb-1 domain ( Figure 1J ). Thus, frzb-1 appears to be a downstream target of organizer homeobox genes and is activated, directly or indirectly, by goosecoid, Xlim-1, and siamois.
In mouse, frzb-1 is expressed in the anterior 80% of the primitive streak in the 6.5 day gastrula ( Figure 1K ). At the head-fold stage (7.5 day), two domains of frzb-1 expression are found, one in the endomesoderm underlying the anterior neural plate and another in the primitive streak (not shown). At the early somite stage (8.5 day), expression in mouse is strong in the foregut and posterior mesoderm, and widespread expression in the forebrain and hindbrain regions becomes detectable ( Figure  1L ). In adult mouse tissues, frzb-1 expression, as determined by Northern blot, is widespread, and a strong signal is detected in heart, brain, spleen, skeletal muscle, kidney, and testis, while a weak one is detected in lung and liver ( Figure 1M ). Human frzb-1 is expressed strongly in placenta and heart, at intermediate levels in brain, skeletal muscle, kidney, and pancreas, and at low levels in lung and liver ( Figure 1N ).
We conclude from these expression studies that frzb-1 is a gene expressed during gastrulation in Xenopus and mice and that it behaves as a component of the Spemann organizer in Xenopus. In addition, frzb-1 is expressed in many adult tissues.
frzb-1 Encodes a Secreted Protein
The initial Xenopus clone obtained by differential screening was used to screen Xenopus and mouse gastrula cDNA libraries, and the longest clones were sequenced on both strands (see Experimental Procedures). The human GenBank EST database was searched, and overlapping ESTs were assembled into a contig to "virtually (von Heijne, 1986) . It contains a conserved Unc-6, Drosophila Netrin-A, and chick Netrin-2. Residues identifrizzled-like CRD but lacks the seven transmembrane cal in all four proteins and conserved acidic or basic residues are domains present in the Drosophila and vertebrate frizshown in bold; conserved residues in 3 of the 4 proteins are included zled gene family (Bhanot et al., 1996; Wang et al., 1996) . in the consensus sequence. Dibasic sets of residues indicative of possible proteolytic cleavage sites are underlined.
All ten diagnostic cysteines of the CRD domain, as well (C) [ located close to the COOH terminus has moderate sequence identity (32% to 21%, Figure 2B ) to the carboxyterminal region of the Unc-6 and Netrin protein family, a faster migrating species (lane 4, see arrow), suggesting which is involved in axon guidance (Serafini et al., 1994) .
that Frzb-1 is N-glycosylated. The unglycosylated form The role of this Frzb-1/Unc-6/Netrin conserved region, of the oocyte protein migrated faster than the protein designated the FUN domain, in the function of these precursor synthesized in vitro in the rabbit reticulocyte extracellular proteins is not known. system ( Figure 2C , lanes 1 and 4), indicating that the To test whether Frzb-1 is indeed a secreted protein, Frzb-1 prepeptide is cleaved in vivo to a product estisynthetic mRNA was microinjected into Xenopus oomated to be about 5 kDa shorter. This difference is cytes. A diffuse band of 35 S-labeled protein was found somewhat more than that predicted from signal peptide in the culture medium of injected oocytes ( Figure 2C , cleavage (2.7 kDa). During the course of our studies, we compare lanes 2 and 3). When treated with N-glycosidase A, part of the secreted protein was converted to placed Flag and myc epitope tags at the COOH terminus of Xenopus Frzb-1. Although the expected tagged proinfoldings ( Figure 3C , bottom panel). Since the vegetal pole contains Nieuwkoop center activity thought to reteins were found in the intracellular compartment of Xenopus oocytes, no epitope-tagged protein was sesult from Wnt pathway activity, we tested vegetal injections in particular detail ( Figure 3A legend) and found creted, while normal amounts of [ 35 S]Frzb-1 were found in the culture medium of mRNA-injected oocytes (data that frzb-1 mRNA is unable to block Nieuwkoop center activity. not shown). This provides indirect evidence that the COOH end of Frzb-1 is cleaved proteolytically. There
Microinjection of frzb-1 mRNA into the marginal zone at high concentrations (ranging from 250 to 1000 pg/ are multiple paired basic residues at the end of the FUN domain (underlined in Figure 2B ) where cleavage could blastomere, four independent experiments) at the four cell stage resulted in embryos with greatly reduced occur. Perhaps one of the roles of the FUN domain is related to maturation of the COOH end. We conclude trunk-tail structures and enlarged heads ( Figure 3D ). Sections through the affected trunk regions showed an that frzb-1 encodes a secreted protein conserved among the vertebrates that has sequence similarity to enlargement of the notochord and a reduction of skeletal muscle, as indicated by staining with the widely used 12/ the extracellular domain of the frizzled receptor gene family.
101 monoclonal antibody ( Figures 3E and 3F) . A similar change of cell fates from somitic muscle into notochord and head structures has been described recently as the frzb-1 Blocks Muscle and Trunk Formation main phenotype of a dominant-negative form of Xwnt-8 To test for biological activity, synthetic frzb-1 mRNA in Xenopus embryos (Hoppler et al., 1996) . was microinjected into Xenopus embryos. When inTo better dissect the basis of the observed phenojected into the vegetal pole of each blastomere at the types, the effect of frzb-1 microinjection was assayed four cell stage, the embryos displayed a mild dorsalized at the gastrula stage using XMyoD and chordin as mophenotype (grade 6 of Kao and Elinson, 1988) . The head, lecular readouts. XMyoD is expressed in the marginal eyes, and cement gland were enlarged, and the axis was zone lateral to the organizer, in the region fated to beshortened ( Figure 3A) . Staining with the MZ-15 marker come skeletal muscle (Frank and Harland, 1991) . Injecshowed that the notochord was thickened ( Figure 3B) , tion of frzb-1 mRNA eliminated or greatly reduced and histological analysis showed in some embryos that a hyperplastic retina filled the enlarged eye, forming
XMyoD expression at mid and late gastrula (Figures 3GЈ expressed XMyoD and formed somites provides a molecular basis for the phenotypes observed 1-2 days later at the tailbud stage ( Figures 3A-3F ). The main concluexcess of frzb-1 mRNA significantly inhibited and higher sion from these microinjection experiments is that amounts blocked secondary axis formation (data not Frzb-1 blocks the induction of XMyoD and the formation shown (1993) . When required to produce complete secondary axes (includfrzb-1 mRNA was coinjected, the ventralizing effect of ing eye structures) in most, but not all, injected embryos.
Xwnt-8 was antagonized, leading to the development As shown in Figures 4A and 4B , coinjection of frzb-1 of moderately dorsalized embryos containing enlarged mRNA together with Xwnt-8 mRNA into a ventral-vegetal head structures and eyes ( Figure 4D ). We conclude that blastomere at the 32 cell stage was able to block secFrzb-1 can antagonize both the early and the late effects ondary axis formation. A 2-fold excess (2 pg of Xwnt-8 of Xwnt-8 signaling. and 4 pg of frzb-1 mRNA) slightly inhibited (from 69% complete axes, n ϭ 45, to 47%, n ϭ 47) but a 10-fold Frzb-1 Antagonizes Xwnt-8 mRNA excess abolished the formation of complete axes Non-Cell-Autonomously with eyes (n ϭ 42, with 38% still containing partial axes
To test whether Frzb-1 can antagonize secondary axes without eyes). Higher concentrations of frzb-1 mRNA caused by Xwnt-8 after secretion by injected cells, the (20-, 50-, and 100-fold excess, n ϭ 176) blocked the experimental design shown in Figure 5 was used. frzb-1 formation of all secondary axes when coinjected with mRNA was injected into each of the four animal blastoXwnt-8 mRNA (Figures 4A and 4B ). Similar observations were made for 0.1 pg Wnt-1 mRNA, for which a 20-fold meres of eight-cell embryos, and subsequently, a single injection of Xwnt-8 mRNA was given to a vegetal-ventral blastomere at the 16-32 cell stage. In two independent experiments, we found that injection of frzb-1 alone (n ϭ 13) caused mild dorsalization with enlargement of the cement gland ( Figure 5D ) in all embryos and that injection of Xwnt-8 alone (n ϭ 53) led to induction of complete secondary axes in 67% of the embryos ( Figure 5E ). However, injection of frzb-1 into animal caps abolished the formation of complete axes induced by Xwnt-8 (n ϭ 27), leaving only a residual 14% of embryos with very weak secondary axes ( Figure 5F ). The double-injected embryos retained the enlarged cement gland phenotype caused by injection of frzb-1 mRNA alone (compare Figures 5D and 5F ). Because both mRNAs encode secreted proteins and were microinjected into different cells, we conclude that the antagonistic effects of Frzb-1 and Xwnt-8 took place in the extracellular space after these proteins were secreted.
Membrane-Anchored Wnt-1 Confers Frzb-1 Binding
To investigate a possible interaction between Frzb-1 and Wnts, the first step was to insert an HA epitope tag into a Xenopus frzb-1 construct driven by the CMV (cytomegalovirus) promoter. Frzb1-HA was tested in mRNA microinjection assays in Xenopus embryos and found to be biologically active (not shown). Conditioned medium from transiently transfected cells contained up to 10 g/ml of Frzb1-HA (quantitated on Western blots related secreted protein , was used. conditioned medium also stained Wnt1CD8-transfected cells after incubation at 4ЊC for 2 hr ( Figure 6K ). Attempts to biochemically quantitate the binding of Frzb-1 to Wnt1CD8-transfected cells were unsuccess-ful due to high background binding to control cultures, presumably due to binding to the extracellular matrix ( Figure 6B ). Thus, we were unable to estimate a K D for the affinity of the Frzb-1/Wnt-1 interaction. However, when serial dilutions of conditioned medium containing Frzb1-HA were performed (ranging from 2.5 ϫ 10 Ϫ7 to 1.25 ϫ 10 Ϫ10 M), staining of Wnt1CD8-transfected cells was found at all concentrations. Figure 6L shows a cell incubated with 125 pM Frzb1-HA. It is worth noting that at low concentrations the staining is weaker but localized in a punctate pattern on the cell membrane, reminiscent of that reported by Bhanot et al. (1996) .
A point mutation in the last cysteine of Wnt-1 has been reported to abolish biological activity (McMahon and Moon, 1989) . We tested this point mutation tethered to the membrane by a CD8 fusion (Wnt1CD8C369W; Parkin et al., 1993) in the expectation that it could serve retains a small amount of biological activity.
Although we have been unable to provide biochemical evidence for direct binding between Wnts and Frzb-1, effect can be blocked by injecting frzb-1 into neigha cell biological assay indicates that Frzb1-HA can bind, boring cells, showing that the two secreted proteins directly or indirectly, to Wnt-1 on the cell membrane in can antagonize each other in a non-cell-autonomous the 10 Ϫ10 M range. manner ( Figure 5 ). Second, frzb-1 was able to reverse the ventralizing effects of pCSKA-Xwnt-8 (Christian and Moon, 1993) . This DNA construct is expressed at the Discussion gastrula stage and leads to the opposite effect, ventralization with loss of head structures, of that of injected Frzb-1 is a novel secreted factor isolated during a screen Xwnt-8 mRNA (which is expressed during cleavage for transcripts enriched in the Spemann organizer stages and leads to formation of duplicated dorsal axes). (Bouwmeester et al., 1996) . The amino-terminal part of Thus, frzb-1 mRNA can antagonize two separate activithe Xenopus protein has homology to the extracellular ties mediated by Xwnt-8. CRD of the receptor Dfz2, a domain that is sufficient to
We have been unable to purify Wnts, which are insolustabilize binding of Drosophila wingless in cultured cells ble and difficult to isolate (Nusse and Varmus, 1992; (Bhanot et al., 1996) . The large frizzled family of proteins Burrus and McMahon, 1995) . This has prevented us from has, in addition to the CRD, seven transmembrane dodemonstrating direct biochemical binding to Frzb-1. To mains characteristic of serpentine membrane receptor circumvent this obstacle, we prepared biologically acproteins (Perrimon, 1996; Wang et al., 1996) . Frzb-1, tive Frzb-1 protein tagged with the HA epitope. This however, has no transmembrane domains and is seprotein was shown to bind to cells expressing Wnt-1 creted into the culture medium by microinjected oocytes tethered to the cell membrane (Parkin et al., 1993) (Hoppler et al., 1996) and dishevelled (Sokol, In Xenopus, frzb-1 expression is regulated as a typical 1996). Xenopus embryos injected with synthetic mRNAs component of the Spemann organizer (Figure 1 ). At early developed with enlarged head structures and reduced gastrula, frzb-1 is expressed in the dorsal marginal zone, trunks containing enlarged notochords and reduced sowhereas Xwnt-8 is expressed in the ventrolateral marmites (Hoppler et al., 1996; Sokol, 1996) . An important ginal zone. This complementary pattern of expression observation was that dnXwnt-8 blocks XMyoD expresmakes it attractive to propose that the function of Frzb-1 sion at gastrula stage (Hoppler et al., 1996) . Expression during early gastrula is to antagonize the ventralizing of organizer genes such as goosecoid and chordin was activity of endogenous Xwnt-8 ( Figure 7B ). This inhibiunaffected at early gastrula stage (Hoppler et al., 1996;  tion would explain the phenotypic effects of frzb-1 in Sokol, 1996 ; this study). Our observation that chordin microinjected embryos. The antagonism is proposed to expression is expanded at late gastrula supports the occur within the embryonic mesoderm or marginal zone; hypothesis that (assuming Frzb-1 acts by inhibiting we have been unable to detect any effects of injected Xwnt-8) an important function of Xwnt-8 in the embryo frzb-1 mRNA in the differentiation of animal cap exmay be to prevent the expansion of organizer tissue into plants, which form epidermis (L. L. et al., unpublished the lateral marginal zone (Christian and Moon, 1993) . data). In this respect, Frzb-1 differs from chordin and Overall, the phenotype resulting from frzb-1 overexpresnoggin, which are able to pattern both ectoderm and sion ( Figure 3 ) is remarkably similar to the loss-of-funcmesoderm ( Figure 7C ). Recent results show that chordin tion caused by dnXwnt-8 or dn-dishevelled.
and noggin function by binding and inactivating a ventral It is worth noting that, as is the case for dnXwnt-8 and signal provided by BMP-4 (Piccolo et al., 1996 ; Zimmerdn-dishevelled, xfrzb-1 microinjection does not inhibit man et al., 1996) . The general theme emerging from formation of the Nieuwkoop center. This provides further these studies is that the organizer, a small group of cells support for the notion that Nieuwkoop center formation with potent inductive activities, is the source of secreted may be triggered by activation of downstream compofactors such as noggin, chordin, and Frzb-1 that bind nents of the Wnt pathway (Miller and Moon, 1996;  to and antagonize ventral signals. In this view, patterning Schneider et al., 1996) without requiring the secretion of the embryo would result in part from inhibitory interacof a Wnt ligand, as has been proposed previously (Hop- tions between proteins in the extracellular space. pler Yost et al., 1996) .
Experimental Procedures
Frzb-1 Is Widely Expressed in Vertebrates
Embryo Manipulation frzb-1 mRNA is abundantly expressed in a wide variety Xenopus embryos were obtained and microinjected as described of mouse and human adult tissues, suggesting that . Mouse embryos were obtained from intercrosses of B6SJL/F1 hybrids (Jackson Lab).
Frzb-1 may be involved in multiple processes mediated by members of the Wnt family of signaling molecules.
Plasmid Constructions
The action of Frzb-1 need not always be inhibitory. For membrane-bound frizzled proteins, helping to explain
The Wnt1CD8 EcoRI/HindIII insert was subcloned from a pSP36T
the intriguing non-cell-autonomous effects of Drosophvector (Parkin et al., 1993) into pcDNA1/Amp (used for Figure 6A) ila frizzled (Vinson and Adler, 1987; Zheng et al., 1995) .
and later into pcDNA3.1 (used in Figures 6E-6G , 6K, and 6L). The
When overexpressed, Wnt proteins cause cancer Wnt1CD8C369W EcoRI/HindIII insert was subcloned from the Varmus, 1982, 1992) . If Frzb-1 is an antagopSP36T vector (Parkin et al., 1993) into pcDNA3.1 (used in Figure  6M ). The full-length cDNA of human CD8 was placed under control nist of Wnts in vivo, it might function as a tumor suppresof the human ␤-actin promoter in a vector also containing the SV40 sor gene. In this context, it is of interest that human replication origin (a gift from C. Miceli). For GFP expression, a redfrzb-1 maps to chromosome 2q31-33. Loss of one copy shifted but not humanized variant, cloned in pcDNA3, was used.
of the 2q arm has been observed with high incidence
The pcDNA1/Amp, pcDNA3.1, and pcDNA3.1/His/LacZ constructs in lung carcinomas, colorectal carcinomas, and neurowere purchased from Invitrogen.
blastomas, leading to the proposal that the 2q arm car-
Screening of Libraries and Databases
ries a tumor suppressor gene (Tsuchiya et al., 1992;  After rescreening a Xenopus dorsal lip library, a total of 48 clones Kohno et al., 1994) .
were obtained, and 1 was sequenced. A cDNA library of mouse These considerations suggest that the activities of embryo (6.5-7.5 days) was screened at low stringency with an
Frzb-1 may be more diverse than those we have been xfrzb-1 probe, 11 clones were obtained, and the longest one was able to demonstrate in the Xenopus assays. Indeed, the sequenced on both strands. In addition, the 5Ј and 3Ј ends of the others were also sequenced, confirming that a single coding sefrzb-1 gene product has been independently isolated quence is present.
by an entirely different methodology, involving the bio- 
